Abstract. This paper presents image processing methods for visualization and classification of medial meniscus tears. The first method uses watershed with a threshold segmentation approach. The algorithm was tested on a number of images of the knee obtained with a use of the magnetic resonance imaging technique (MR). Images of the knee were collected from healthy subjects and patients with a clinically diagnosed meniscal pathology. Then, watershed technique was compared with other popular methods of image segmentation, i.e. simple thresholding and region growing. For this purpose, the execution speed and the efficiency of the methods were analyzed. Additionally, an automatic detection of the meniscus based on MRI of the knee joint was developed. The solutions were implemented using classical image processing methods in the MATLAB environment with an application of the Image Processing Toolbox and MVtec Halcon vision libraries. The presented methods will have a practical value for the referring physicians and the diagnostic imaging specialists.
Introduction
Knee joint is among the musculoskeletal system one of the most commonly injured structures in the body. Lesions in the knee joint are frequently visible both in athletes (amateurs and professionals) as well as other patients active in sports whose joints suffered from degeneration due to maladjustment of joint surfaces [1, 2] . Recent advances in medical imaging technology have made it possible for specialists to visualize anatomical structures and physiological processes occurring inside the human body.
Among the available techniques of diagnostic imaging, only MR gives a possibility of visualization of both soft tissue elements as well as bone and cartilage of the joint. Therefore, the technique is superior to Computed Tomography (CT) or ultrasound (US) radiological modalities dedicated to the assessment of the bone elements and soft tissues respectively. If one suspects that intra-articular structures are injured, MR is considered to be the gold standard for visualization techniques. In studies carried out on the knee structures -evaluation of the medial meniscus using a standard protocol verified intraoperatively achieves the sensitivity and specificity reaching 89 % and 84 % (respectively) [3] . MRI examination is not painful and noninvasive procedure.
In the case of properly carried out studies, the factor limiting the effectiveness of diagnosis may be a lack of vigilance on the part of a doctor. Fatigue, haste and poor imaging conditions are limiting factors reducing the quality of interpreting MR images and affect radiological reports [4] . Therefore, the ability to create a computer program that automatically detects and localizes an injury or lesion might be a valuable aid for the physician.
Computer based program dedicated to analysis and interpretation of visual information is potentially useful tool which helps to make the right diagnosis, i.e. the confirmation, identification and evaluation of injuries or lesions, as well as the planning of a possible therapy. Successful diagnostic imaging depends both on the methods of acquisition, reconstruction and presentation of the images but also the efficiency of diagnostic process [5, 6] . At the level of evaluation of the diagnostic images, interpretation depends on the knowledge and the experience of the radiologist, although physician can be assisted by automatized detection module. It is especially important during the evaluation of the musculoskeletal system where structures are very small and oriented in longitudinal fashion where error rate is potentially high [7] .
Based on the literature, first attempts of MR images segmentation dates back to the previous century [8] . Watershed segmentation has been widely used in many fields of image processing including segmentation of medical images [9, 10] . It is a simple, intuitive and fast method, the result of which is a segmentation of images even in the case of low contrast. Watershed technique has become a popular method of extracting many anatomical structures based on the images obtained from magnetic resonance imaging (MRI), computer tomography (CT), mammography, or ultrasound (US). In recent years, successful attempts with an implementation of the watershed algorithm was made on samples of different anatomical structures evaluated with a use of MR. In this field of studies, an evaluation of the bone erosions of the hand [11, 12] , brain amyloid plaques [13] and even breast lesions [14] were presented. There are a few publications present image processing algorithms dedicated to the knee joint, but directed to evaluate cartilage [15] on weight bearing parts. Semi-automated and automated segmentation techniques of menisci on high field system are already described in two works [16, 17] . But none with a use of techniques proposed in our study. Review of the present literature indicates that up to date only a few attempts were made to evaluate usefulness of processing algorithms of the knee menisci. As menisci are one of the most frequently injured structures of the musculoskeletal system, there is a need for a simple and reliable image processing algorithm for the segmentation and visualization of this region of the knee. In terms of tools used for segmentation one can apply algorithms based on the values of intensity levels (e.g. thresholding), methods of edge detection (Canny operator), area methods (region growing, watershed method), methods based on models (active contours, deformable models, the level set method) and those based on combined characteristics of the algorithms mentioned above (i.e. hybrid methods) [18] . Regarding information security an encryption technique and decryption technique can be recommended as valuable tool for sharing and storing image information in electronic way [19] .
In the paper, two image processing methods for extraction of the meniscus in the magnetic resonance images of the knee joint and evaluation of its state are presented. The first method uses watershed segmentation with a threshold. The second one uses simple image processing segmentation algorithms and introduces an automatic generation of region of interest (ROI) based on the image content. The efficiency and speed of the watershed-based method was evaluated and compared with other segmentation procedures: a simple thresholding and region growing methods. The efficiency of the segmentation with an automatic ROI extraction was tested on a set of MRI images of the knee. A novelty of the proposed solutions reveals methods of automatic and semi-automatic segmentation of the knee structures (menisci) and classification of the state of knee joints meniscus injuries as a result of the segmentation.
The paper is structured as follows: the second chapter describes method and methodology. The detailed information of MRI procedure was given as first. Next, two segmentation algorithms are presented. In the third chapter, the results of the segmentation of MRI images using developed methods are discussed. The last chapter contains conclusions.
Methods and methodology

MRI Imaging
In the MRI study, high field 1.5 T unit was used -Somatom Esssenza (SIEMENS) equipped with a 4-channel and 4-element coil dedicated for an examination of the knee.
MR imaging of the knee was conducted in a patient of a standard body weight in relaxed supine position. The study was performed using sequences of standard protocol dedicated for the knee. T2 fast spin echo Sequence parameters were: repetition time 4820 ms, echo time 98 ms, flip angle150°, bandwidth 191 Hz, matrix 160×100, 25 slices, slice thickness 3 mm, distance factor 20 %, voxel size 0.5×0.4×3 mm 3, 2 scan average.
Proton density sequence parameters were: repetition time 3000 ms, echo time 23 ms, flip angle 150°, bandwidth 160 Hz, matrix 160 x 100, 25 slices, slice thickness 3 mm, distance factor 20 %, voxel size 0.6×0.6×3 mm, 1 scan average. Inversion recovery sequence parameters were: repetition time 3500 ms, echo time 77 ms, flip angle 150°, bandwidth 202 Hz, matrix 160×100, 25 slices, slice thickness 3 mm, distance factor 20 %, voxel size 0.8×0.8×3 mm, 1 scan average. T1 fast spin echo sequence parameters were: repetition time 471 ms, echo time 13 ms, flip angle 150°, bandwidth 155 Hz, matrix 160×100, 25 slices, slice thickness 3 mm, distance factor 20 %, voxel size 0.5×0.4×3 mm, 1 scan average.
Images were acquired in the saggital plane and collected in the PACS syngo (Siemens) and then evaluated on a console equipped with a system OsiriX-Pixmeo (Mac OS platform). Proton density sequences with chemical fat saturation made in sagittal plane were analyzed in our study.
Menisci segmentation algorithm based on watershed method
To investigate effectiveness of automated menisci damage detection a watershed method has been used. Image pre-processing was the first step of the developed algorithm. An operator specifies a region of interest for which the computation is carried out. Next, the region is processed by the following operations: conversion to a grayscale (in the case of color images), low-pass filtering using Gaussian kernel to reduce the image noise and computation of an image gradient by means of high-pass filter, e.g. Sobel operator. In the next step, a watershed segmentation [20] by flooding is performed on the obtained image gradient. To avoid oversegmentation, which is often a result of the algorithm, the watershed segmentation with a threshold method is applied. The last step of the image processing is merging of regions corresponding to anterior and posterior corners of the meniscus segmented in the previous step. After the menisci are retrieved, the number of regions is counted and became a criterion for meniscus injury classification. The healthy meniscus image should contain one object for anterior and posterior part of the meniscus after segmentation. If regions are fragmented, the meniscus is classified as injured. The algorithm is summarized in the Fig. 1 . Watershed method is a segmentation technique in which a grayscale image is considered to be a topographic surface in which regions with higher levels of intensity correspond to mountain ranges and regions with lower levels to the valleys. In a watershed segmentation by flooding, the surface is flooded from its minima. The water coming from different sources is prevented from merging by the areas with the highest intensity levels. As a result, the image is partitioned into two different sets of pixels: the catchment basins and the watershed lines. If the transformation is applied to the image gradient, the catchment basins should theoretically correspond to the homogeneous grey level regions of this image, while pixels with the highest gradient value become watershed lines. However, the watershed method produces an oversegmentation due to noise in the image gradient.
In order to improve the quality of the result of the segmentation and to reduce the number of objects obtained, a watershed segmentation with a threshold was applied. The method segments catchment basin areas separated by a watershed region equal to or greater than a given threshold value. In the first stage of the algorithm, a selection of watersheds lines without considering threshold is carried out. In the second step, the catchment basins which are separated by a watershed value which is less than the threshold are combined. Two steps of segmentation algorithm and the results of menisci retrieval are shown in Figs. 2(a), (b), (c) . 
Automatic meniscus segmentation method
Authors developed a method of automatic detection and diagnosis of the meniscus in MR image of the knee joint. The solution was implemented using classical image processing methods in the MATLAB environment with the Image Processing Toolbox.
The first step of the developed algorithm is an automatic computation of the region of interest (ROI). In the next step, the structure of the meniscus is located in this area. The following step is an analysis of every part of the segmented meniscus separately to determine the diagnosis. The flowchart in Fig. 3 illustrates all the steps of the algorithm.
In the study, MR images of the knee in the sagittal plane were analyzed. In addition to the meniscus, the remaining structures of the joint were visualized in the image. In order to narrow the field of analysis, a rectangular region of interest (ROI) comprising an anterior and posterior aspects of meniscus is established automatically Fig. 4(c) . The MR image is converted to a grayscale and filtered using Savitzky-Golay filter for noise reduction. The distribution of gray levels in the image is analyzed separately along horizontal and vertical directions. First the median intensity is computed for each of the image column. The graph of the median values Fig. 4(a) is characterized by two peaks corresponding to the edges of the meniscus. To correctly specify the position of the meniscus along image columns, parameters are introduced. Parameter 2 specifies the ratio of the position of the search point with respect to the area under left peak, while parameter 3 sets analogous ratio for the right peak. Next, the median intensity is calculated for each row of the image. The graph Fig. 4(b) of computed median values is characterized by a peak at the position of the meniscus. Therefore, the maximum of the graph specifies the position of the meniscus center in the vertical axis. Height of ROI is obtained by dividing its width, the distance between two peaks of the median intensities computed along columns, by 2. In the next step, image inside an established ROI Fig. 5(a) is preprocessed by a histogram equalization operation Fig. 5(b) . Then, thresholding is performed to extract all the elements having the same intensity value as the meniscus. As a threshold of the segmentation, the product of the average value of the intensity of the image and parameter 1 is taken. If no objects are found, the algorithm automatically lowers the threshold. Then the elements connected with the edges of the image are removed. The effect of these operations is shown in Fig. 5(c) . The next step is a detection of objects with a large area, which most likely are part of the meniscus. For this purpose, the analyzed objects defined as elongated in the vertical direction and tiny objects are discarded. Objects belonged to the elongated class were classified by means of width-to-height comparison (Fig. 6, in green rectangles) . In addition, the algorithm calculates the area of each object and counts their overall sum. After the computation, only the largest objects will remain in the image, whose cumulative sum of areas does not exceed a certain value (parameter 5). In order to penalize choosing too small objects (called tiny objects), they are removed if their area is less than a certain threshold (parameter 6). As a result, the objects representing the meniscus are obtained.
Two criteria for evaluation of the structure were proposed. The first is the number of elements in the image. It determines the degree of disintegration of the tested portion of the meniscus. If the number of elements in the image is greater than one, the positive value indicating the possibility of a damage is assigned to it.
In the case of the second criterion, one examines the surface area of the meniscus, determining planimetrically injured region of the meniscus. A ratio of the undamaged surface and estimated total surface area of the meniscus is calculated. Dilation of the analyzed image allows to determine approximately triangular mask. The result is highlighted in Fig. 7 (red contours) . The obtained ratio gives the percentage of healthy test surface structure. Based on the analysis of the sample image set, the threshold for this criterion was determined. It amounted to 50 %. The analysis is performed for each individual part of the meniscus. Its outcome consists of two parameters described above: the number of objects in the image and their surface area. In the evaluation, the following parameters were assumed:
Presence of an injury -if the criterion 1 value is greater than 1 and the criterion 2 is greater than 50 % Possibility of an injury -if the criterion 1 value is greater than 1 or criterion 2 value is greater than 50 % No injury -if the value of criterion 1 is less than or equal to 1 and the value of criterion 2 is lower than 50 %. Examples of the automatic segmentation results are shown in Fig. 8.   a) b) Fig. 8 . Examples of automatic meniscus segmentation, a) healthy meniscus case, b) injured meniscus case
Results of the algorithm testing and analysis
The watershed algorithm was implemented using Halcon MVTEC GmbH Software containing libraries of image processing algorithms. When a watershed segmentation without a threshold was applied, number of segments that had arisen as a result far exceeded the number of objects that could be identified by a doctor in a manual inspection. An introduction of the method with a threshold brought satisfactory results. Final images contained properly delineated areas of the anterior and posterior corners of the meniscus. Additionally, images depicting an injured meniscus with a characteristic slit can be identified. The meniscus in this case is divided into two or more elements.
In addition, the efficacy of the method was tested for a larger ROI covering the entire knee joint. It turned out that the extraction of the meniscus was correct, regardless of the size of the selected ROI. An example of segmentation using a larger ROI is shown in Fig. 9 . The results of the image segmentation of the meniscus using the method of watershed with a threshold were compared with the results obtained using segmentation by a simple thresholding and region growing. All three methods have also been compared based on their versatility and speed of computation.
In the study, four images of the knee joints of healthy individuals and six images derived from patients with lesions of the meniscus were analyzed. An example of final results obtained by the watershed segmentation algorithm, simple thresholding operation and region growing is illustrated in Fig. 10 .
Results show that in the case of the healthy meniscus, all three methods are effective and give similar results, however watershed method is much more accurate in the case of image segmentation of the damaged tissue. Meniscus areas obtained by segmentation are separated by a gap. After an application of the simple thresholding method, the areas of the anterior and posterior corners of the meniscus were segmented correctly, but additionally, the femur and tibia were also visible in the final image. The wrong result of segmentation was obtained because the intensity values of pixels belonging to the femoral and tibial regions were in the range of experimentally predetermined threshold. Comparison of the computation time of three methods: simple thresholding, region growing and watershed segmentation is shown in Table 1 .
The average execution time of the watershed algorithm is approximately 1.2 [s] and is higher than the computation time of thresholding and region growing. This is due to an additional merging of segmented areas.
The second developed method, an automatic retrieval of meniscus was tested on a series of MRI images. A set consisted of 4 images of injured meniscus and 3 images of healthy structures. The proposed method uses six parameters described in the previous section. The first parameter is used to calculate the segmentation threshold in the first step of the algorithm. Second, third and fourth parameters are used to find the ROI. Another parameter -the fifth and sixth one -are used to find regions belonging to the meniscus. The best obtained result amounted to 78.6 % correctly diagnosed portion of the meniscus and 14.3 % diagnosed as "possible injury".
The values of the parameters which give the best classification of the results were chosen and then the algorithm was tested on a new set of test images. The percentage of correctly classified images was 83.3 % in the first category and 16.7 % in the second category. 
Conclusions
Currently, many different image processing methods are used for the visualization and diagnosis of pathologies of different biological structures. MR imaging of the knee joint plays a critical role in the diagnosis and treatment of the meniscus injury. As part of the research task, MR images of the knee were processed in order to visualize the meniscus and recognize its injury using a watershed segmentation technique. The watershed segmentation may result in an inclusion of an excessive number of regions which are in the ROI but are not objects of interest -what is potentially a source of error. In order to improve the quality of segmentation and remove a large number of small regions watershed segmentation with a threshold was employed.
The method was tested on a number of images of the knee acquired from healthy subjects and patients with a diagnosed meniscal pathology. The influence of selected parameters of the image pre-processing on the final result of segmentation was examined. Then watershed technique was compared with other popular methods of image segmentation, i.e. thresholding and region growing. For this purpose, the speed of algorithms was estimated and the efficiency of the methods were analyzed. The comparison demonstrated its superior effectiveness in the diagnosing of meniscal tears. The obtained results indicate that the watershed segmentation method can be used not only to discriminate the anterior and posterior corner of the meniscus in the sagittal plane of the knee but also distinguish irregularities associated with presence of intermeniscal fissures. Our current work describes a simple algorithm that automatically analyzes MR image of the knee the sagittal plane, with a use of the known image processing techniques. The results show that our modified algorithm correctly recognizes menisci and the damage of their structure. The solution was implemented using classical image processing methods in the MATLAB environment and the Image Processing Toolbox library. The most advantageous step of our algorithm is the automatic detection of region of interest (ROI). Developed algorithm correctly determines the ROI on each scan, which enables the correct diagnosis at a later stage of the method.
A novelty of the proposed solutions addresses the following issues: methods of automatic and semi-automatic segmentation of selected structures of the knee (menisci) and classification of the state of knee joints' meniscus injuries based on the segmentation results.
On the basis of current literature data, we found our work first attempt of development of semi-automated test of the knee menisci injury with use of watershed method. Comparison between two techniques: modified watershed segmentation algorithm and automatic meniscus segmentation method presents not only new insight in the contemporary techniques of computer assisted analysis of MR images but also is a step forward to development of automated technique of discrimination of knee injury on MR image. Therefore, the method seems to have a practical value in the field of the imaging of the medial compartment of the knee what is additional benefit of our work.
